Aim: Pregnane X receptor (PXR) is a nuclear receptor that regulates a number of genes encoding drug metabolism enzymes and transporters and plays a key role in xeno-and endobiotic detoxification. Ginkgolide B has shown to increase the activity of PXR. Here we examined whether ginkgolide B activated PXR and attenuated xenobiotic-induced injuries in endothelial cells. Methods: Human umbilical vein endothelial cells (HUVECs) were treated with ginkgolide B. The expression of PXR, CYP3A4, MDR1, VCAM-1, E-selectin and caspase-3 were quantified with qRT-PCR and Western blot analysis. Cell apoptosis was analyzed with flow cytometry. Fluorescently labeled human acute monocytic leukemia cells (THP-1 cells) were used to examine cell adhesion. Results: Ginkgolide B (30-300 μmol/L) did not change the mRNA and protein levels of PXR in the cells, but dose-dependently increased nuclear translocation of PXR protein. Ginkgolide B increased the expression of CYP3A4 and MDR1 in the cells, which was partially reversed by pretreatment with the selective PXR signaling antagonist sulforaphane, or transfection with PXR siRNA. Functionally, ginkgolide B dose-dependently attenuated doxorubicin-or staurosporine-induced apoptosis, which was reversed by transfection with PXR siRNA. Moreover, ginkgolide B suppressed TNF-α-induced THP-1 cell adhesion and TNF-α-induced expression of vascular adhesion molecule 1 (VCAM-1) and E-selectin in the cells, which was also reversed by transfection with PXR siRNA. Conclusion: Ginkgolide B exerts anti-apoptotic and anti-inflammatory effects on endothelial cells via PXR activation, suggesting that a PXR-mediated endothelial detoxification program may be important for protecting endothelial cells from xeno-and endobiotic-induced injuries.
Introduction
The pregnane X receptor (PXR) is a member of the nuclear receptor superfamily of ligand-activated transcription factors and has been characterized as a xenobiotic sensor that is activated by structurally diverse compounds including herbal medicines, drugs, environmental contaminants and endogenous compounds like vitamins, oxysterols, and steroid hormones [1, 2] . PXR has been detected in various tissues.
Specifically, it is highly expressed in the liver, small intestine and colon and expressed at low levels in the kidney, stomach, testes, skeletal muscle, and adrenal gland [3] . As a ligandactivated transcriptional factor, PXR regulates a large array of genes that regulate drug metabolism including the Phase I cytochrome P450 enzymes CYP2C9 and CYP3A4, the Phase II enzymes uridine-5-diphosphate glucuronosyltransferases (UGTs), sulfotransferases (SULTs), glutathione S-transferases (GSTs), and drug transporters, such as multidrug resistance 1 (MDR1) and multidrug resistance-associated protein 1 (MRP1; also known as ABCC1) [4, 5] . Therefore, PXR plays a central role in defending the body from xenobiotic and endobiotic insults by eliminating metabolites. In addition to its defense against chemical insults by transforming and eliminating them from Table 1 . Primer sequences used for qRT-PCR.
Gene
Forward primer (5'-3') Reverse primer (5'-3') CYP3A4 CAAGACCCCTTTGTGGAAAA CGAGGCGACTTTCTTTCATC  MDR1  AGGCCAACATACATGCCTTC  AGGGCTTCTTGGACAACCTT  VCAM-1  GGAAGTGGAATTAATTATCCAA  GTACTGTGTCTCCTGTCTCC  E-selectin  GTGAACCCAACAATAGGCAA  AGCTTCTTCTTGCTGCACCT  GAPDH  ACCACAGTCCATGCCATCAC  TCCACCACCCTGTTGCTGTA the body, recent studies indicate that PXR plays an endobiotic role by regulating energy homeostasis under various physiological and pathological conditions, including lipid metabolism, glucose homeostasis, thyroid hormone synthesis, bile acid homeostasis and inflammation [6, 7] . Numerous CYPs are expressed in endothelial cells and are potentially regulated by PXR, which is also expressed in endothelial cells. This regulation of drug-detoxifying enzymes and transporters suggests that PXR may be a novel gatekeeper for endothelial defense [8] . Ginkgolide B is a major terpene lactone and an active component of Ginkgo biloba [9] . Previous studies indicated that ginkgolide B exhibits many pharmacological properties, including anti-oxidant [10] , anti-inflammatory [11, 12, 13] , anti-tumor [14] , and anti-apoptotic activity [12, 15, 16] . Due to the widespread use of Ginkgo biloba extract as a supplement, its effects on drug metabolizing enzymes are of interest. Recent research revealed that Ginkgo biloba extract and ginkgolide A distinctively induced CYP3A2, CYP3A18 and CYP2B1 expression in primary rat hepatocytes [17] . Moreover, ginkgolide A induced CYP3A expression and enhanced acetaminophen toxicity in rat hepatocytes [18] . Ginkgolide B increased the expression of several major CYP enzymes (CYP3A4 and CYP2B6) in cultured human hepatocytes [19] , and it has been reported to activate PXR [20, 21, 22] . Our previous work demonstrated that ginkgolide B can increase the transcriptional activity of PXR in vitro in a cell-based reporter gene assay [23] . However, the pharmacological properties of ginkgolide B, especially the cardiovascular protective effects of ginkgolide B associated with PXR activation, are poorly understood. Thus, we investigated the ability of ginkgolide B to protect endothelial cells via the activation of PXR from injuries induced by xeno-and endobiotics. RNA isolation and quantitative reverse-transcriptase PCR analysis RNA was isolated, and mRNA expression was assessed using quantitative real-time PCR (qRT-PCR) as described previously [23] . Briefly, total RNA was isolated from HUVECs using TRIzol reagent according to the manufacturer's instructions. Total RNA with an OD 260 /OD 280 between 1.8 and 2.0 was used for qRT-PCR. The cDNAs were synthesized using a Transcriptor First-strand cDNA Synthesis Kit. Real-time PCR reactions were performed on a TransScript™ SYBR @ Green Master Mix TransScript™ SYBR @ Green Master Mix in ABI Prism 7500 real-time PCR instrument (Applied Biosystems, Foster, CA, USA), with GAPDH as an internal control. The primer sequences are shown in Table 1 .
Materials and methods

Drugs and reagents
Preparation of total protein and Western-blot
Western blots were performed as described previously [24] . Briefly, the cytoplasmic and nuclear protein fractions were extracted using NE-PERTM Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific, USA). Briefly, cells were harvested and washed twice with PBS, followed by the addition of ice-cold cytoplasmic extraction reagent I. The cells were then vigorously vortexed for 15 s before the addition of ice-cold cytoplasmic extraction reagent II. The samples were centrifuged (500×g) for 5 min and immediately transferred to a pre-chilled tube (cytoplasmic extract). The insoluble fraction, which contained nuclei, was then suspended with ice-cold nuclear extraction reagent, vortexed for 15 s and centrifuged for 10 min (500×g) to obtain a supernatant (nuclear extract). The protein concentration was measured using a BCA protein assay kit. Protein samples were separated using 10% SDS-PAGE and transferred onto a polyvinylidene fluoride membrane (Millipore). Subsequently, membranes were blocked with 5% skim milk for 1 h and incubated overnight at 4 °C with specific primary antibodies. The blots were then incubated with secondary antibody at room temperature for 1 h. Protein bands were revealed with Super Singal West Femto Maximum Sensitivity Substrate (Thermo Scientific, USA) and visualized with ImageQuant LAS 500 (Healthcare Bio-Sciences AB, USA).
RNA Interference
The small interfering (si) RNA against human PXR and negative control non-silencing RNA were purchased from Invitrogen (Carlsbad, CA, USA). The target sequences of siPXR are as follows: Forward 5'-GAUGGACGCUCAGAUGAAATT-3' and Reverse 5'-UUUCAUCUGAGCGUCCAUCTT-3'. The cells were transfected according to a previously described procedure. Briefly, HUVECs were seeded in 24-well plates and incubated overnight in RPMI-1640 medium before being transfected with negative control siRNA or the indicated siRNA (100 nmol/L) for 48 h using the Silencer siRNA Transfection agent II Kit (Invitrogen, USA).
Analysis of apoptosis
HUVECs were trypsinized, washed twice with cold PBS, and resuspended in binding buffer. FITC-conjugated annexin V (0.5 μg/mL) and propidium iodide (50 μg/mL) were added according to the manufacturer's protocol. The samples were then analyzed with a FACStar-Plus flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and the FlowJo (TreeStar) software for acquisition and analysis. 
Pro-inflammatory response
Statistical analysis
The GraphPad Prism software version 4.0 (GraphPad Software, San Diego, CA, USA) was used to analyse the results. Data are presented as mean±SEM. A Student's t-test (paired groups) or one-way ANOVA followed by the Newman-Keuls test (multi group comparisons) was used to analyze the significance of differences. P<0.05 was considered significant.
Results
Effect of ginkgolide B on PXR expression
We previously used a transient luciferase expression assay to screen the transcriptional activity of PXR in response to the natural product ginkgolide B. Specifically, 30, 60, and 150 μmol/L ginkgolide B increased luciferase expression at 24 and 48 h [23] . To confirm the effect of ginkgolide B on PXR expression, HUVECs were treated with ginkgolide B (30, 150, or 300 μmol/L) or rifampicin (10 μmol/L, positive control) for 24 h. The mRNA expression of PXR was analyzed with qRT-PCR. Figures 1A and 1B show that neither treatment affected PXR mRNA expression. However, previous work indicates that PXR, a nuclear receptor, is localized to the cytoplasm and can translocate into the nucleus after ligand treatment [25] . Thus, the nuclear and cytosolic protein fractions were extracted from HUVECs treated with ginkgolide B and a nuclear translocation assay was performed. The data show that nuclear PXR protein expression increased after treatment with ginkgolide B compared with controls ( Figure 1C ), suggesting that ginkgolide B can activate PXR, although it does not affect PXR expression.
Effect of Ginkgolide B on CYP3A4 and MDR1 mRNA expression To confirm that ginkgolide B can activate PXR, we measured the effect of ginkgolide B on the mRNA expression levels of CYP3A4 and MDR1, which are target genes regulated by PXR. Cells were treated with ginkgolide B (30, 150, or 300 μmol/L) or rifampicin (10 μmol/L, positive control) for 24 and 48 h. qRT-PCR was used to measure CYP3A4 and MDR1 mRNA expression. CYP3A4 mRNA expression increased after 24 h of treatment with ginkgolide B, and this effect was dose-dependent after 48 h (Figure 2A) . Likewise, treatment with ginkgolide B induced MDR1 expression at 24 h. Similar changes were observed at 48 h compared with the control group (Figure 2B) . The mRNA expression levels of CYP3A4 and MDR1 in response to 150 μmol/L ginkgolide B were measured over time. Specifically, ginkgolide B induced the expression of MDR1 mRNA in a time-dependent manner from 6 to 48 h. Similarly, CYP3A4 expression was increased, peaking at 36 h of incubation and decreasing at 48 h ( Figure 2C, 2D) .
To explore whether the effect of ginkgolide B on CYP3A4 and MDR1 expression is associated with PXR activation, cells were pretreated with sulforaphane (SFN, 10 μmol/L), a selective PXR signaling antagonist [26] for 24 h and incubated with ginkgolide B (30, 150, or 300 μmol/L) for another 24 h. SFN reduced CYP3A4 and MDR1 expression compared with the controls. Additionally, the ginkgolide B-induced increases in CYP3A4 and MDR1 expression were abolished by SFN ( Figure  2E and 2F). Knocking down PXR expression with a specific siRNA, we verified the involvement of PXR in ginkgolide B's ability to increase CYP3A4 and MDR1 expression. Figure  2G and 2H indicted that silencing PXR expression reduced CYP3A4 and MDR1 expression. Moreover, PXR siRNA diminished the ginkgolide B-induced increases in CYP3A4 and MDR1 expression. Therefore, ginkgolide B can induce CYP3A4 and MDR1 mRNA expression by activating PXR.
Ginkgolide B attenuated apoptosis induced by xenobiotics in HUVECs Ginkgolide B can activate PXR. To characterize how ginkgolide B affects apoptosis via PXR, the functional role of PXR www.nature.com/aps Zhou T et al Acta Pharmacologica Sinica npg in HUVECs treated with staurosporine (ST) and doxorubicin (DOX), both of which are documented to cause endothelial apoptosis, was examined with flow cytometry [27] . HUVECs were pretreated with 30, 50, or 150 μmol/L of ginkgolide B for 24 h and then treated with 500 nmol/L of ST for an additional 6 h. The positive control cells for this group were treated with only ST for 6 h. Another group of cells was pretreated with ginkgolide B for 24 h and then treated with 5 μmol/L DOX for 24 h. The positive control cells for this group were treated only with DOX for 24 h. Flow cytometry confirmed that ginkgolide B pretreatment reduced ST-induced apoptosis compared with the positive controls, which exhibited marked apoptosis compared with negative controls ( Figure 3A) . Figure 3B shows that DOX induced apoptosis (about 12%), but ginkgolide B did not affect this apoptosis.
To study the mechanism by which ginkgolide B-induced PXR expression detoxifies cells, PXR expression was silenced with siRNA. This silencing diminished the protective effect of ginkgolide B in HUVECs compared with cells treated with scrambled siRNA ( Figure 3A) . Knocking down PXR increased DOX-induced apoptosis by ~25%, and ginkgolide B prevented DOX-mediated apoptosis ( Figure 3C ). We then evaluated the intracellular accumulation of DOX with flow cytometry and noted that DOX was decreased in HUVECs treated with ginkgolide B and rifampicin; however, DOX accumulation increased after PXR expression was knocked down (Figure 
www.chinaphar.com Zhou T et al
Acta Pharmacologica Sinica npg 3D). Thus, PXR targets MDR1, which is responsible for DOX efflux. Consistent with earlier findings, a Western blot confirmed that ginkgolide B, as well as rifampicin, decreased caspase-3 cleavage induced by ST or DOX ( Figure 3E, 3F ).
Ginkgolide B suppressed Pro-inflammatory response in HUVECs
We investigated whether the ginkgolide B exerted a proinflammatory effect via PXR activation. HUVECs were pre- Figure  5A , 5B). Consistent with the changes in mRNA expression, the pretreatment of HUVECs with ginkgolide B inhibited the up-regulation of VCAM-1 and E-selectin protein expression induced by TNF-α ( Figure 5C ). However, transfection with PXR siRNA diminished ginkgolide B's ability to inhibit VCAM-1 and E-selectin protein expression induced by TNF-α ( Figure 5D ). Thus, ginkgolide B suppressed the pro-inflammatory response in HUVECs in a PXR-dependent manner.
Discussion
In this study, we provide evidence to show that ginkgolide B protects HUVECs from injuries via PXR activation. Ginkgolide B-induced PXR activation facilitates endothelial detoxification by inducing the transcription of phase I and phase II cytochrome P450 enzymes and efflux proteins and may have therapeutic potential for cardiovascular diseases. PXR has identified as an important therapeutic target [28] because of its central role in defending cells against xenoand endobiotic insults by eliminating metabolites via the modulation of drug-detoxifying enzymes and drug transporters. Recent studies indicate that PXR is important for regulating apoptosis and inflammatory processes. PXR can inhibit xenobiotic-induced apoptosis in mouse epithelium and endothelium cells as well as in PXR transgenic mice [27, 29] . A PXR-KO mouse model exhibited elevated levels of markers of small bowel inflammation compared with wild-type mice, and the expression levels of several key NF-κB target genes were significantly increased, including tumor necrosis factor alpha (TNF-α), intercellular adhesion molecule 1 (ICAM-1), and prostaglandin-endoperoxide synthase 2 (COX-2) [30, 31] . The ligand-mediated activation of PXR inhibited the LPS-induced expression of pro-inflammatory in human or mouse primary hepatocytes [32] . Furthermore, PXR regulates glucose and lipid metabolism [33] and has been shown to regulate the secretion of and sensitivity to insulin; PXR ligands reduce the levels of lipids and glucose in murine diabetes models [34] . PXR has also been shown to protect against oxidative stress-induced cytotoxicity by activating total GST and GPx and coordinating an antioxidant response in vascular cells [8] . However, the has not yet been demonstrated, although a relationship between the two has been established. As previously shown, ginkgolide B protects the endothelium in numerous ways, including by exerting anti-apoptotic and anti-inflammatory effects. These effects are predominantly due to the blocking of pathologic signaling pathways activated by xenoand endotoxins. We show that the anti-inflammatory role of ginkgolide B in the TNF-α-elicited inflammatory response in HUVECs is related to the inhibition of E-selectin and VCAM-1 expression. Moreover, knocking down PXR expression by siRNA completely abolished ginkgolide B's ability to attenuate inflammation (Figure 4 ). This PXR activation is key to the inhibition of inflammation in HUVECs by ginkgolide B.
Multidrug resistance protein 1 (MDR1 or ABCB1), which belongs to the ATP-binding cassette (ABC) transporter superfamily, has been demonstrated to act as an efficient toxin efflux molecule to protect human tissues from drugs and other xenobiotics [35] . Here, we show that ginkgolide B increased MDR1 mRNA expression ( Figure 2B, 2D) . Previous work confirmed that Ginkgo biloba extract was able to induce the mRNA and protein expression of MDR1 and increase its functional activity [20] . PXR has been shown to directly regulate the transcriptional activation of MDR1 [36] . Moreover, we observed that SFN diminished the ginkgolides B-induced expression of MDR1 mRNA, a selective PXR signaling antagonist ( Figure  2F ). PXR knockdown with PXR siRNA also significantly attenuated the ginkgolide B-induced expression of MDR1 ( Figure  2H ), indicating that MDR1 is regulated by PXR in HUVECs. In this study, ginkgolide B likely protected endothelial cells from DOX-induced apoptosis by activating the PXR target MDR1 because MDR1 plays a critical role in multidrug resistance. Ginkgolide B also significantly reduced HUVEC apoptosis induced by ST ( Figure 3A ) but did not significantly affect Figure 3B ). DOX is an anthracycline antibiotic commonly used in cancer chemotherapy and a substrate for ABC-mediated drug efflux [37] , and enhanced DOXinduced apoptosis via the down-regulation of PXR and MDR1 has been reported to be a novel therapeutic approach for cancer [38, 39] . Thus, we suspected that MDR1 protein promotes the intracellular efflux of DOX in HUVECs and ginkgolide B enhanced this effect. We further measured the intracellular accumulation of DOX with flow cytometry and noted it was decreased in HUVECs treated with ginkgolide B compared with controls ( Figure 3D ). This reduced accumulation may be responsible for the modest DOX-induced apoptosis and the lack of effect of ginkgolide B on this apoptosis. Importantly, siRNA-mediated PXR knockdown abrogated the intracellular efflux of DOX in HUVECs ( Figure 3D ) and increased DOXinduced apoptosis by ~25% but ginkgolide B prevented this apoptosis ( Figure 3C ). Therefore, another signaling pathway or transcription factor may participate in the effects of ginkgolide B on apoptosis. For example, Ginkgo biloba extract can activate several nuclear hormone receptors, including PXR, the constitutive androstane receptor (CAR), and the aryl hydrocarbon receptor (AHR) [21] . Ginkgolides B may affect inflammation, apoptosis and lipid metabolism and trafficking via any of these receptors. However, PXR siRNA significantly attenuated the ability of ginkgolide B to reduce ST-induced apoptosis ( Figure 3A) , indicating that PXR, at least in part, plays a functional role in ginkgolide B-mediated detoxification. The details of this process warrant further investigation.
The mechanism by which ginkgolide B activates PXR in HUVECs is poorly understood. TNF-α signaling was previ- [40] . Recently, PXR was reported to be cytoplasmic and undergo nuclear translocation upon ligand activation to bind to the promoter region of target genes, increasing gene transcription in mouse hepatocytes [41] . Similarly, we found that after activation by ginkgolide B, PXR translocates from the cytoplasm to the nucleus ( Figure 1C) . A nuclear localization signal was also observed in PXR [42] , although the molecular mechanism responsible for this signal is unknown. We also observed that ginkgolide B did not significantly affect PXR mRNA and protein expression ( Figure 1A, 1B) . In addition, PXR activity can be regulated by a series of posttranscriptional modifications, such as phosphorylation, acetylation and sumoylation. The contributions of these modifications to the regulation of PXR activity by ginkgolide B in HUVECs will be a topic of future research.
In conclusion, we confirmed that ginkgolide B activates an important nuclear hormone receptor PXR, and that ginkgolide B induced the expression of CYP3A4 and MDR1 in a PXR-dependent manner. The anti-apoptotic and antiinflammatory effects of ginkgolide B in endothelial cells depend on PXR activation, providing further evidence that a PXR-mediated endothelial detoxification program may protect endothelial cells from xeno-and endobiotic injury and may be a potential therapeutic target. More studies are needed to assess the physiological significance of ginkgolide B-activated PXR in animal models using PXR overexpression or a knockout approach.
